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RESEARCH MEMORANDUM

EFFECT OF ATRFOIL. PROFIIE OF SYMMETRICAL SECTIONS ON THE
1OW-SPEED ROLIING DERIVATIVES OF 45° SWEPTBACK-WING
MODEIS OF ASPECT RATIO 2.61

By Willlam Letko and Jack D. Brewer
SUMMARY

An investigetion was made 1n the Langley stability tumnel to deter-
mine the effect of airfoil profile of symmetrical sections on the
rolling derivatives of three untepered wings heving 450 sweepback. The
wings had the following profiles normal to the leading edge: biconvex
(12 percent thick), NACA 651-012 and NACA 00l12. The aspect ratlio for
eech wing was 2.61.

Celculations were made to determine the effect of differsnt wing
profiles on the stebility bounderles end motions at subsonlic speeds of a
typical transonic alrplene configuration.

Results of the tests indicate thet increasing the sharpness of the
leading edge of the alrfoll decreased the range of 1lift coefflcients
over which the derivatives malntained thelr initlasl trends and usually
decreased the meximum values of the derivatives obtalned In the unstalled

TEnge .

In general, the effect on the derivatlives of adding a leading-edgs
spoiler to the Inboard helf of the NACA 0012 wing appeared to be
equivalent to increasing the sharpness of the entire leading edge to some
value between that of the NACA 0012 wing profils and the NACA 651-012‘fing
profils.

Results of the calculatlions of the dynamic stabllity of a typlcal
transonic alrplane configuration showed that et 0.2 11ft coefficilent,
changes 1n airfoll profile had only a small effect on the osclllstory
and spiral stebility boundaries of a typlcal tramsonic airplane configuration.
At higher 1lift coefficlents (0.5 and 0.8), increases in the sharpness
of the leading edge usually ceused a stabllizing shift of both the
csclllatory and spiral stabllity boundaries. The stablllizing shift
in the spiral stability boundary was more than compensated for,
however, by the changes in effective dihedral of the alirplane wings.

An increased sharpness of the leading edge therefore caused an increased
tendency toward spiral instebllity, particularly at the higher 1ift

coefficients.
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INTRODUCTION

Eatimation of dynamic flight characteristics of aircraft requires &
nowledge of the forces and moments resulting from the angular motions
of the airplane. The relationship between the forces and moments and
the angular motions are commonly expressed in nondimensional terms
known as the rotary derivatives. In the past, these derivatives have
generally been estimated from theory because of the lack of a convenient
experimental technique.

The recent application of the rolling-flow and curved-flow princliples
of the Langley stebility tunnel (references 1 and 2), however, has made
the determination of the rotary derivatives relastively simple. A
aystematic research program utilizing these new experimental technigues
has been established to determine the effects of various geometric variables
on rotary and static stability characteristics.

The present investigation was made to determine the effects of alr-
foll profile of symmetrical sections on the low-speed static stabllity
and rolling characteristics of sweptback wings. One wing, having a blunt
leading edge, (NACA 0012 airfoil section) was tested with and without a
leading-edge spoliler extending from the plene of symmetry to the 50-percent
semlspan point of each wing panel to determine whether there might be an
advantage in a wing having a section varying from sharp nose at the wing
root to round nose at the wing tip. Results of tests to determine the
static- end yawing-stability derivatives of the wings used in the present
investigation are reported 1n reference 3. .

Motions and stabllity boundaries, calculated by using the stability
derivatives obtalned from the deta of this psper end from those of
references 2 to 4k, are also included in this paper. These results are
presented to show the effect of changes of the wing sectlon on the stability
characteristics at subsonic speeds of & typical transonic airplane config-
uration such as thet of references 2 and L.

SYMBOLS

The results of the teats are presented as standard NACA coefficlents of
forces and moments which are referred to the atablility axes with the origin
at the quarter-chord polnt of the mesan aserodynamic chord of the models
tested. The posltive directions of the forces, moments, and angular
digplacements are shown in figure 1. The system of axes and angular rela-
tionships used 1n calculating the stablility boundaries and motions are
shown In figure 2.
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‘The coefficients end symbols used herein are defined as follows:

v free-streem velocity (elso, velocity of airplane),
feet per second
v alrplene sideslip velocity (positive sideslip to the right),
feet per second
p mags denslity of alr, slugs per cubic foot
q dynamlic pressure, pounds per square foot G§ﬂﬁ3
S wing aree, sguare feet
b wing span, measured perpsendicular to plane of symmetry, feet
A ‘agpect ratio (b2 /S)
c chord of wing measured parallel to exls of symmetry, feet
b/2
3 mean serodynsmic chord, feet %. cldy
0
x distance of quarter-chord point of any chordwise section from

leading edge of root section, feet

x distance of gquarter chord of msan ;7;odynamic chord from leading

edge of root chord, feet g- cx 4y
o

¥ spanwise dlstance measured perpendicular to axis of symmetry,
feet

W welght of alrplans, pounde

m megs, slugs Oﬂ/g)

g acceleration due to gravity, feet per secondi per second

m relative-denslty Ffactor @@/bs@)

kxo radius of gyration about principal longltudinal axis, feet

k7, radius of gyration about principal vertical axis, feet
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nondimensional radius of gyretion a'bou}: longltudinml stabllity

exis —_— 200521] + (1:—2-9 siny
'\ b . b

nondimensi/ona.l radius of gyration a.bou\t vortical stability axis :

2 2
\ ( -k—:g) cosly + (:?-) sinan)

nondimensional product-of-inertia parameter

2 ky 2
- | =2
@Db) (b) cos 1 8lin g

1ift coefficient (L/g8)

drag coefficient ('Cx for ¥ = O°)
longltudinal-force coefficient (X/qS)
lateral-force coefficient (Y /qS)

rolling-moment coefficient (L'/qSb)

pitching-moment coefficient (M/qSE)
yawing-moment coefficient (N/qSbh)

1ift, pounds

longitudinal force, pounds

lateral force, pounds

rolling moment about X-axis, foot-pounds
p:lt'ching moment a&bout Y-axis, foot-pounds
yawing moment about Z-axis, fost-pounds

angle of attack, measured in plane of symmetry (also angle
between reference axis and flight-path axis), degrees
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aengle of yaw, degrees
angle of sweepback, degrees

angle of sideslip, radians, (ba.n‘l %)

engle of attack of principal longltudinal axls of airplane,
positive when principal axis 1s above flight path,
degrees (see fig. 2)

engle of flight path with respect to horizontal, positlve
when flight-path axis is above horlzontal axlis, degrees
(see fig. 2)

angle between reference axis and principal axis, positive when
reference axis is above principel axis, degrees (see fig. 2)

time, seconds

Routh's discriminent

wing-tip hellx engle, radians

rolling angular velocity, radiens per second
yawing-veloclty paramster

yewing a.ngula.r veloclty, redians per second
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APPARATUS AND TEST

The present investigation was conducted in the 6-foot circular test
sectlon of the Langley stebllity tumnel. Thils section is equipped with a
motor-driven rotor which imparts a twist to the &ir streeam so that a model
mounted in the tunnel 1s in a field of flow gimilar to that which exists
gbout an airplane in rolling flight (reference 1).

The models tested consisted of three untepered wings of 45° sweepback
and aspect retlo 2.61. The models hed the following profiles in plenses
normal to the leeding edge: biconvex (12 percent thick), NACA 65,-012,
end NACA 0012. The plen form of the models snd the three profiles are
shown in figure 3. Also shown 1n figure 3 1s the semispan leading-edge
spoller which, for soms tests, wes mounted on the wing wilth the
NACA 0012 gectilon.

All tests were made wlth the model mounted rigldly at the guarter-
chord polnt of the mean aerodynamic chord on a single-strut support
as shown in figure 4. The forces and moments were meesured by means
of electrical straln geges contained in the strut. The dynamic pressure
at which the tests were made wes epproximately 39.7 pounds per sguere
foot which corresponds to a Mach number of 0.17. The Reynolds number
based on the mean aerodynsmic chord of the models was 1,400,000.
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The models were tested through an angle-of-attack range from gbout
—29© angle of attack up to and beyond the angle of maximum 11ft in straight
flow at 0° angle of yaw and in rolling flow at values of pb/2V
of #0.021 and #0.062. In straight flow, slx—camponent measurementa
were made, whereas only measuremsnts of lateral force, yawing moment, and
rolling moment were obtained in rolling flow.

CORRECTIONS

Approximate correctlons, simlilar to those of reference 5, based on
unswept-wing theory, for the effects of Jet boundaries have been applied
to the angle of attack, the longltudinal-force coefficlent, and the
rolling-moment coefficlent. Corrections for Plocking or turbulence have
not been applled to the results.

RESULTS AND DISCUSSION

Cheracterlistice in Straight Flow

The 1lift, longlitudinael-force, and pitching-moment cheracterlstica
ag meesured in stralght flow are presented in figure 5. These results
are gbout the seme &g those of reference 3 which were cobtalned at a
dynemic pressure of 24.9 pounds per squaere foot. As was polnted out
in reference 3, the lowest lift-curve slope at low 1lift coefficlents
was obtalned with the biconvex sectlon; end the highest meximum 1ift
was obtalned with the NACA 0012 wing equlpped with the inboard leading-
edge spoiler. Effectively incressing the sharpness of the leading
edge reduced the rearwerd shift of the aerodynamic center with 11ft
coefficient.

Characteristics 1n Rolling Flow

As cen be geen from figure 6, increasing the sharpness of the
leading edge decreesed the meximmm poslitlve value of GYP and decreased

the range of 1ift coefficients over which the variation of CYP with
11ft coefficient remained lineasr. The values of Cnp gt low and medlum

11ft coefficlents are small and negative and are little affected by alr-
foll profils. However, increasing the sharpness of the leeding edge of

the alrfoil dscreesed the maximim negetlive wvalues of CD‘P and decreased
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the 1lift coefficient at which the values of Cnp became positive. Tor

certain airplane configurations having a high vertical tall, 1t might
be possible that CnP would be positive throughout the 1ift coefficient

range, which would be of lmportance from the viewpolnt of stability and
controcl. The blconvex wing had the lowest value of CIP at low 1ift

coefficients. This might be expected since the blconvex wing has the
lowest lift-curve slope at low 1ift coefficients. As with CY and qu,
r
increasing the sharpness of the leading edge of the wing decreased the
1ift coefficlent at which large changes generally occurred 1n the initisal
trends of the varlation of Czp with 11ft coefficlent.

In genersal, the effect on the derivatives, especlelly on CYP and Cnp’

of adding the leading-edge spoller to the NACA 0012 alrfoll appeared to
be equivalent to increasing effectively the sharpness of the leading edge
to some velue between that of the NACA 0012 elrfoll and that of the

NACA 654-012 airfoil.

Cc. 2
Dreg Increment, CD —-E§—

It was polnted out in reference 3 that the increment of drsg that iam
2
c
not associated with 1ift (Cp - ‘%K could be used to indicate the 1ift

coefficlient at which separation begins to teke place on plalin wings. It
wag shown that large chenges in certaln serodynemic characteristics may
occur at the 1lift coefflclent at which this drag increment begine to rise.

.2
A plot of Cp - '%E against 1ift coeffilclent for the wings tested is

presented In flgure 7. It can be seen by comparing this figure with
figure 6 that ebrupt chenges in the initial trends of Cyp s Cnp: and C,
D

generally do occur at spproximately the same 1i1ft coefficlent &t which

the drag increment begins to increase. This 1ift coefficient 1s

about 0.6 for the NACA 0012 wing, about 0.4 for the NACA 65,-012 wing,

end 0.3 for the biconvex wing. Ordlinarily, changes in the drag lncrement
cen be expected to be useful only for predicting changes 1n the character-
istice of plein wings. However, the increase in the drag increment for

the wing with the inboard nose spoller occurs at about 0.4 1ift coefficient,
at which 1ift coefficlent the asrodynamic characteristics also change
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abruptly. As was pointed out in reference 3, the relationship between

the drag Increment and the extent of linearity of the stability derivatives
might serve as & basls for making certein qualitative estimates of the
effects of Reynolds number on the stablliity derivetives when only the 1ift
and drag variations with Reynolds number have been determined.

Stability Boundariles and Motlons

Computations were made to determine the changes in the stability
boundaries and in the motions of an ailrplane caused by changes 1n the
stability derivatives resulting fram using wings of different profille.
The gecmetric and mass characteristics of the alrplane remained the same
In each case, and the stability derivatives of the alrplane differed only
by the different contribution of the wing profile used in cambination
with the airplanse.

[

The airplane configuration used, shown in figure 8, 1s similier to
the model used in references 2 and U4t and the contribution of the fuselagse
and tail to the stabllity derivatives was obtalned from the data of
these references. The contributions of the different wings to the stability
derivatives were obtalned fram results of the present tests and fram tests
of reference 3. The mass characteristics assumed were those of a.typical
transonlc airplans.

The stability derivatives and mass charecterlistice used In the
canputations are given iIn tables I and II. The boundarles and motions
were calculated by means of the equations listed in reference 6. -

In figure 9 are presented the oscillatory and spiral stability
boundaries as functions of CJ]:lﬁ and C'L for the three airplanes which
¥ B

differ only in wing profile. Fram the flgure, 1t can be seen that the
effect of airplane wing profile on both the oscillatory and spiral astablllty
boundaries is comparatively smell at a 1lift coefficlent of 0.2. At the
higher 1ift coefficlents there are much larger effects of alrfoll section
on both boundaries. At 1lift coefficients of 0.5 ani 0.8 there is a
stablilizing shift of the spiral stability boundary as the sharpness of
the leading edge 1s Increased. At 0.5 1lift coeffliclient there is a large
stabilizing ghift in the osclllatory boundary when changing from the

NACA 0012 wing to either of the other sections which have sharper leading
edges. There i1s little difference, however, 1n the cscillatory boundarles
obtained for the NACA 65,~012 and the biconvex wings. At 0.8 1lift
coefficlent there ls a progressive stabllizing shift of the oscilla—

tory stability boundary as well as the spirsl stability boundary as the
sharpness of the leading edge is increased.
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The steblillity bounderies are presented in figure 10 with a point
to show the position of the particular airplane configuration with
respect to the boundaries. At a 1ift coefficlent of 0.2 oscillatory
Instability is indlcated for all the ailrplane conflgurations. The
large stebilizing shift of the oscillatory boundaries resulting from
a change of 1lift coefficlent from 0.2 to 0.5 is mainly caused by the
change in 1, the inclination of the principal longltudinal axlis with
respect to the flight path, from ebout -3° at 0.2 1ift coefficient to
about 2.5° at 0.5 1lift coefficient. Reference 6 indicates that the
inclination of the principal longitudinel axis above the flight path
generelly causes a stebilizling shift of the oscillatory boundary while
an inclination below the flight path results in a destabllizing shift
of the oscillatory boundery. At a 1ift coefficient of 0.5 all the
airplene configurations fall in the steble region. As the sharpness of
the leading edge of the wing increases, the position of the airplane
becomes closer to the splral stablility boundery. At & 1ift coefficlent
of 0.8, there 1s a shift in position of the airplane into the spiral
divergence reglon with an increase 1ln sharpness of the wing leeding
edge; the airplane with NACA 0012 wing falls in the stable reglon,
the alrplane with the NACA.651-012 wing fells in the spiral divergence

reglon near the gplrsel stebility boundary, and the airplane with the wing
of biconvex section falls well 1n the spiral divergence reglon. It
shouldsbe noted that although increases in the sharpmess of the leading
edge of the wings generally affect the derivatives in such a way as to
cause a stebllizing shift In the stablillity boundarles, there 1s at the
game time a detrimental effect on CZB Prom the standpolint of spiral

stablllity.

The motions in bank and sideslip due to a small initial angle of
sldeslip for each of the airplane configurations 1s shown 1n figure 11
for a 1ift coefficient of 0.8. The motions are presented as angles of
sldeslip or bank, relative to the initial sidesliip angle, and should be
rellable provided the sidesllp angle does not exceed that at which the
derlvatives become nonlinear. The alrplene wilith the biconver section
shows extreme spiral dlvergence, the angle of sideslip increasing end
the alrplene banking repldly in the dlrectlon of sldesllip to excessive
values of both sideslip and bank. The airplane with the NACA 651-012

wing 1s slightly splrally unsteble, banking to only a small engle in the
first second, but the amplitude of the osclllation increases with time.

Slight spiral instabllity is not consldered serious from the stendpoint

of control.

The alrplene with the NACA 0012 wing falls in the stable reglon of
the stability dlagrem (as can be seen in fig. 10) and the motion in bank
and sideslip is stable. Although the motiorn in bank is steble, the air-
plane ettains a relatively high angle of bank in the first second and 2
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helf. In about four and a half seconds, the amplitude decreases to less
than one-quarter of ths meximm value.

It should be mentionsd theat the derivatives used in calculating the
boundaries and motions are those obtained from tests at low Reynolds numbers.
Although alrfolil sectlon effects simller to those described would still
occur at & higher Reynolds number they might not be Important at as low
1ift coefficlents, since, at higher Reynolds numbers, the derivatives
obtained for the wings might continue their initial linear trends to higher
11t coefflclents. This would alter considerebly the boundarles and
motions at 0.8 14Ft coefficient and would probably cause an appreciseble
change in the boundarles and motions for 0.5 lift coefficient. Cslculations
(not presented) of the boundaries were mede using straight-line extrapo-
lastions of the data for the NACA 0012 wing for a lift coefficient of 0.8.
The results showed & stablilzing shift of the oscillatory boundary and a
destabllizing shift of the splral stablillty boundery. The position of
the airplane with the HNACA 0012 wing was shifted up and to the right in
the stabllity diagram @7'8 becaming more negative and Cnﬁ nore positive)

and it appeers that simllar extrapolations of the curves for the NACA 651-012
and biconvex wings would at least give negeative values of CIB and might

shift the airplanes having these wlng sections into the stable reglon
(even though there might be & concurrent destabilizing shift of the spir
boundary) . -

CONCLUSIONS

The results of low-scals tests made to determine the effect of air-
foll profile of symmetrical sections on the low-speed rolling stabllity
derivatives of untepered 45° sweptback-wing models of aspect ratlo 2.61,
and the results of calculations mede to determine the effect on the
dynamic steblllty at subsonlc speeds of & trangsonic alrplene configuration
uging the different wing profiles Indicate the following conclusions:

1. Increasing the sherpness of the leading edge of the airfoll
decreased the range of 1ift coefficilents over which the rolling deriva—
tives malntalned thelr inltlal trends end usually decreased the maximmm
velues of the derlvatives obtained in the unstalled range.

2. In general, the effect on the rolling derivatives of adding an
Inboard leeding-edge spoller to the NACA 0012 alrfoll appeered to be
equivalent to increasing effectively the sherpness of the entire leading
edge to some value between that of the NACA 0012 section and that of the
NACA 651-012 section.
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3. Chenges in airfoil section had only a small effect on the
oacillatory and spiral stability boundearies of a typical transonic alr-
plane configuration at 0.2 1lift coefficient. At higher 1lift coefficlents
(0.5 end 0.8) increases in lesding-edge sharpness ususlly caused a stabi—
lizing shift in both the oscillatory and spiral stability boundaeries.

The stebilizing shift in the spiral gtability boundary wes more than
compensated for, however, by the changes in effective dihedral of the
wings. An increased sharpness of the leading edge, therefore, caused an
increased tendency towerd spiral instabllity, particulerly at the higher
1ift coefficlents.

Langley Aeronsutical Leboratory
National Advisory Committee for Asronsutics
Langley Alr Force Base, Va.
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TABIE I
GEOMETRIC AND MASS CHARACTERISTICS

USED IN STABILTTY CALCULATIONS

or, 0.2 0.5 0.8
Wy 1D o o0 o a0 0 0ao 11250 11250 11250
S,y 8A Tt e o s 0 e o oo 352 352 352
Dy fh o o a o o a0 o oo 30.4 304 30.4

D, slugs/cu £5 o o o o » 0.001266 | 0.001266 | 0.001266

V, Pt/86C o ¢ o ¢« o o o koo 316 250
L o o e o ¢« 0 0 « 8 5 0 ¢ 25.8 25.8 25.8
ST LI 2.875 2.875 2.875
Ky s F6 o o v s w000 9.391 9.391 9.391
K2 o oo oo eaeees | 000918 | 0.00913 | 0.0105%

E2 @ v oo o o s cooaese 0.0951% | 0.09523 | ©0.09385

Z

Kxyo o o o o o o o « o o | -0.00670 | 0.00395 | 0.01263
Cy AOZ o o o s o o o s o 3.88 9.65 1k .82
Ny 868 o« ¢ o« ¢« o« o ¢ o & a -7 o =-7 a-T
7y A0 o o o « ¢ o o o o 0 o 0




TARLE IT

BTEILTTY DERTVATIVES THED TO CAISULATE LATERAL-STABILITY BOUNDARIES

AT i B Rt

Cp, tald off 0.2 0.5 0.8 0.8 0.5 0.8 0.2 0.5 0.8

O, tadd off -.089 - 51 - 0% -053 - 035 -038 - 03 - 030 ~038
Oy s ta11 off 080 216 299 £ ok 0% 055 k2 - 0k9
O s told. off -016 - 05k 116 ~.002 036 55 - 002 046 o5
c;p, tedl off -.202 -.2h6 =00 =220 ~305 - 297 - 217 -a305 ~.2h0
Cyy, tall off ~+05h -.085 003 =095 0% 202 - 4095 =093 -213
%B' tall off =037 -2k « 061 ~s0ke -.038 -.036 = 0ln -038 -.0h8

Dorivativen uead tc calonlsts lataral motions

Cy,, 0.07T 0.hEk 0.383
o -Jge -dT9 =179
€, 211 032 - 067
%, <7 2 225
Cay k3 -018 - 031
01P -+390 287 =230
(,-.!rn T ) 308 =397
c oy 075 063
L -5 <00k 108

#T

BTETRT *ON W VOVN
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Figure l.— System of axes used. Positive dlrections of forces, moments,
and. angles are 1lndicated.
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Horizontal axis
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Figure 2.— System of axes and angular relationshlps used in calculatlons
of sbabillty boundarles and motions. 1 = @ — ¢.
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Pigure 3.— Sketch of the plan form and airfoil profiles of the models
Investigated. All dimengions are in inches. Wing area equals

3.56 square feet.







Figure b.— The 457" sweptback wing mounted in the rolling—flow test section of the Langley stability
tumnel. NACA 0012 alrfoil sectiom.

PIETT "ON WM VOVM

6T






NACA RM No. L8L3la 21

N
</
% S é?_f & s
N R, - b5
N | |
N
X 7 Ao protie
N2 ~o- M 002 SN
S o WA G502 L3
S\Q\\’ 2 —~— 2% breoviver ( |
o WA 00wt | [P YR

N oSE Soo//Eer 1
Q 20 %
3 ;ﬁ ©
N 0 g//é /) “g\
X oy~ N
§ e A S
N : Q
Sy _ - X
N D7
S @f/ 3

5 5 W% 0 S

z 0 2 4 6 & W
LI} coefficrent , Cy

‘Figure 5.— Varilatlon of Cp, Cyx, and a with 1ift coefficient for the
wings tested.



20 NACA RM No. L8L3la

A ¢ =
: B EZ;;E:;: " E{\\
Sp 0 ot O T ovms
q
4 _d
Ao/ orofile
—o— MNACA 00/
o~ MNACA 6502
—~o— 2 X brcorver
—— NACA 02, with
NOSE SpOI/Er
2 Jomo
//. )
A A O 5
/&9 C? '*ih1ﬁﬂsi§<ﬁ§3égabségéeé:f:E{/
7 =
0
_ o) ‘ A |
(’Zﬁ 4 A&mﬁ%%. ' f°<
741 > gégéa\\;,/)g

2z 0 2 4 & 8 W
LY coelficrent, by
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